Introduction
[2] Naturally occurring mineral dust is, on a mass basis, the most abundant aerosol in the atmosphere [Satheesh and Moorthy, 2005] . The biggest uncertainty related to aerosols is the extent of their so-called indirect radiative effect, i.e., how they affect the reflectivity, lifetime, and precipitation of both warm and cold clouds [Andreae and Rosenfeld, 2008] . The important role of mineral dust in the formation of the ice phase has been known for a long time from both observations [Isono et al., 1959] and lab studies [Mason and Maybank, 1958] . Recent field measurements confirm that mineral dust is an efficient ice nucleus (IN) [e.g., DeMott et al., 2003] and give evidence of its presence in ice crystal residuals within anvil cirrus [e.g., Cziczo et al., 2004] .
[3] Tropospheric ice may occur at high altitudes and low temperatures (T < À40°C) in cirrus clouds or at intermediate altitudes and temperatures (À40°C < T < 0°C) in mixedphase clouds. In the cold regime, homogeneous nucleation of ice crystals in aqueous aerosol particles is possible, while in the warmer regime, ice can only form via heterogeneous nucleation processes (i.e. contact, condensation/immersion and deposition freezing). See, e.g., Field et al. [2006] for a brief review. Lab studies have shown that deposition freezing is a very efficient ice nucleation mechanism in the cold cirrus regime . On the other hand, condensation/immersion and (less explored) contact freezing are thought to control ice formation at warmer temperatures [Pruppacher and Klett, 1997] . The primary goal of our study was to explore the potential availability of mineral dust deposition ice nuclei, i.e., uncoated particles not processed in liquid clouds, for interactions with cirrus clouds. However, we also explored the potential interactions of mineral dust with mixed-phase and water clouds.
[4] The Saharan dust source accounts for nearly two thirds of the total mass of global dust emissions, and, to first order, the Asian dust source makes up the balance [Satheesh and Moorthy, 2005] . The latter is a heterogeneous, arid region, which includes the well known Gobi desert. However, our study focuses on the Taklimakan desert because of its potential relevance to cirrus-forming regions: while Gobi dust is thought to be confined to <3 km altitude 90% of the time, Taklimakan dust is thought to be entrained relatively easily to >5 km [Sun et al., 2001 ], in part due to the complex surrounding topography (Figure 1 ).
Method
[5] For each day of 2007 we performed one-week forward trajectory calculations using meteorological analysis fields from the European Centre for Medium-Range Weather Forecasts (ECMWF). In order to better capture the complex wind patterns near the extremely rugged topography of the basin margins we used the highest resolution ECMWF wind fields available operationally (T799/$0.225°horizontally and 91 levels vertically, with $50 model levels in the troposphere alone). Trajectories were initiated at 00Z, 06Z, 12Z, and 18Z on each day of 2007 from the 42 points covering the Chinese Taklimakan desert found in the Tarim basin (Figure 1 ), and at a uniform pressure of 770 mb, chosen to correspond to $1 -1.5 km height above the local topography. The satellite-based work of Liu et al. [2008] shows that the Tarim basin is dusty in all months of the year except from December to February. As such, the transport trajectories calculated for 2007 are representative of dust-laden air masses in spring (the peak of the Asian dust season) and, to a large extent, also in summer and fall.
[6] All 61,320 trajectories were calculated using the LAGRangian trajectory ANalysis TOol (LAGRANTO) developed by Wernli and Davies [1997] . The ECMWFderived specific humidity at each trajectory's starting point was subjected to the ambient temperature (T) and pressure (p) along the trajectories, thus giving the ''Lagrangian relative humidities'' with respect to liquid water (RH w ) and ice (RH i ), which we also stored at 28 downstream trajectory points and used to estimate the formation of liquid, mixed-phase and ice clouds. The advantage of this approach is that it decouples our analysis from the treatment of water condensation and ice nucleation employed in the ECMWF model (except insofar as these processes influence the 3-D wind fields themselves). In particular, conditions of ice supersaturation (not represented in ECMWF analyses) were simulated along the trajectories. A drawback of our approach is that we neglect mixing processes, which may influence the ''transported'' relative humidities; however, wind-blown Taklimakan dust often rises in parcels of very hot and dry air (e.g., 30°C at 4% RH) such that mixing with air from surrounding, less arid regions will generally result in a moistening effect. The no-mixing assumption is thus a conservative simplification in our investigation of whether or not dust reaches cirrus-forming regions without previous water processing. Lastly, as a check on the initial moisture content which we use in downstream calculations, we compared the surface values of RH w at one grid point in the ECMWF model with data from a coincident groundbased station (Tazhong, 39.0°N, 83.67°E, 1100 m.a.s.l.) and found very good agreement between the monthly means throughout the year.
[7] Following Figure 2 , each of the $1.8 million trajectory points was sorted according to its Lagrangian RH w and RH i as well as ECMWF T into (i) water, (ii) mixed-phase, and (iii) homogeneously formed ''traditional'' cirrus clouds. While (i) and (ii) are delimited by RH w = 100%, (iii) is delimited by the homogeneous ice nucleation limit [Koop et al., 2000] . Additionally, ice-supersaturated and simultaneously water-subsaturated regions were tracked and classified as (iv) ''COLD_HET'' and (v) ''WARM_HET'' clouds, on account of the potential of potent IN to cause heterogeneous ice nucleation within them. These cloud types correspond to heterogeneously formed optically thin cirrus. In particular, WARM_HET clouds potentially comprise relatively warm ice clouds (outside of the temperature range of ''traditional'' cirrus clouds), even though there might be limitations (discussed below) to the IN activity of mineral dust at the warmest sub-zero temperatures and lowest ice supersaturations. Finally, points falling into region (vi) were classified as clear air.
[8] The history of each trajectory point was also tracked. Again following Figure 2 , the Arabic numerals denote specific cloud formation processes which can occur upon lifting and cooling of a trajectory of some initial moisture content. As a ''wet'' trajectory lifts and cools, it reaches water saturation and forms WATER clouds, where from here on we use capital letters to distinguish a cloud type specific to our study from the generic use of the word (1), possibly followed by mixed-phase cloud formation (2) in the event of further lifting and cooling. The most common ''average'' trajectories pass region (v) as they rise and cool, where ice can -in the presence of sufficiently potent IN -nucleate WARM_HET clouds heterogeneously (3), before reaching water saturation and mixed-phase cloud formation (4), possibly followed by homogeneous nucleation of cirrus (5) upon further lifting, cooling and RH increase. The ''dry'' trajectory passes region (iv), where heterogeneous nucleation of ''COLD_HET'' clouds on sufficiently potent IN is again possible (6), before reaching the homogeneous ice nucleation limit and cirrus formation (7). We define three additional cloud types to fully account for a trajectory point's history: while process (4) leads to mixed-phase cloud type MPC, process (2) leads to mixed-phase cloud type MPC 0 , on account of prior WATER cloud formation in the trajectory at T > 0°C. Analogously, while process (7) leads to CIRRUS, process (5) leads to CIRRUS 0 , on account of prior MPC formation in the trajectory. Finally, some trajectories are classified as CIRRUS 00 (not shown in Figure 2 ), also on account of prior WATER cloud formation in the trajectory at T > 0°C.
Results and Discussion
[9] Of the $1.8 million trajectory points originating from the Taklimakan, the majority (65.0%) were clear sky points, consistent with the source region being a desert. A further 13.0% of points were those portions of trajectories whose computation was terminated on account of contact with the surrounding topography (and which were completed with numeric fill values). The cloud types introduced in the previous section comprised 13.4% of points, while the remainder of points (8.5%) were identified as having experienced multiple ascent and descent cycles with corresponding cycles of water super-and sub-saturation, and are not discussed further on account of increasing uncertainties in interpretation. We investigated the effect of variable trajectory length and found that the cloudy fraction remained constant ($13%) when trajectories were 4 days or longer; all cloud proportions discussed below were similarly converged.
[10] Figure 3 shows the monthly breakdown of trajectory points across all cloud types identified in the previous section, except COLD_HET. Note that the occurrence of all cloud types peaks outside of the winter months (DJF) during which our transport trajectories are least representative of dust-bearing trajectories, as discussed previously. The reason for the low potential for cloud occurrences in the winter is a combination of a strong minimum of both ascent and moisture content in the winter trajectories (not shown). WATER clouds (Figure 3 , top left) account for the smallest proportion of all cloudy points (1.1%) and peak during the summer months, as expected. The role of mineral dust in the formation of water clouds is likely limited by the insoluble nature of the dust and the ubiquitous presence of other soluble aerosols, which are much more likely to activate into cloud droplets first and thereby relax the supersaturation with respect to water [e.g., Herich et al., 2009] . Moreover, dust particles may develop partial or full water or solution coatings (e.g., containing ammonium sulfate or organics) at this stage, which would conceivably deteriorate their efficiency to serve as immersion nuclei [e.g., Pruppacher and Klett, 1997] in the secondary cloud type MPC 0 or perhaps even CIRRUS 00 (discussed below).
[11] The most frequently occurring cloud type is MPC (Figure 3, top right) and, like WATER, it also peaks during the summer (66.3% as MPC; 6.4% as MPC 0 ; always expressed as percent fraction of cloudy points). This is consistent with Figure 2 (bottom), which shows that the moisture content of the vast majority of trajectories is such as to maximize the impact of dust on mixed-phase clouds; moreover, our trajectories experience maximum ascent during the summer (not shown). Figure 4a shows the distribution of water saturation temperatures corresponding to the moisture content of the MPC trajectory points. The majority reach water saturation for T < À9°C, where lab studies have shown mineral dust to be active in condensation/immersion [Mason and Maybank, 1958; Marcolli et al., 2007] freezing modes. Moreover, Zimmermann et al. [2008] find some abundant mineral dusts to be active just above water saturation for T ] À10°C to À18°C (kaolinite) and À24°C (montmorillonite and hematite). Nonetheless, the exact fraction of MPC and MPC 0 clouds in our study (72.6%) should be treated with some caution due to our neglect of both mixing and condensation. More importantly, trajectory points reaching the mixed-phase cloud phase space of Figure 2 must pass through the ice-saturated WARM_HET cloud region, where the most efficient dust IN may be activated first. Figure 3 (bottom left) shows WARM_HET clouds to be more frequent than WATER clouds throughout the year (5.0%), and especially during the peak of the Asian dust season (MAM). The apparent lack of seasonality of WARM_HET clouds is likely due to the fact that throughout the year there is enough moisture to guarantee at least ice saturation, while the summer maximum is lost to warmer temperature WATER clouds. The possibility of these warm temperature pure ice clouds potentially appearing before (below) mixed-phase clouds is not clear. Figure 4c shows that they occur with the highest frequency for RH i < 105% and T > À20°C, where deposition freezing is ''generally'' not observed in laboratory studies [Field et al., 2006; Connolly et al., 2009] ; however, a large number of events also occurs for higher RH i and lower T combinations, where deposition freezing is more efficient [Knopf and Koop, 2006] , especially for larger particles [Zimmermann et al., 2008] and longer exposure times [Kanji and Abbatt, 2006] . In fact, the integral over RH i in Figure 4c shows a peak at À18°C, as shown in Figure 4b . To our knowledge, Sassen [2005] reports the only LIDAR field measurements of (Asian) desert dust serving as deposition IN and creating ice clouds ''at modest supersaturations and temperatures''. Conversely, during a two month field campaign Ansmann et al. [2008] observe that the presence of a high number of ice nuclei (1-20 cm
À3
) over the Sahara does not result in the production of ice particles without the condensed phase appearing first. Clearly, more in situ field observations are necessary to verify the existence of WARM_HET clouds and to elucidate their role in ice-phase precipitation.
[12] In contrast to WARM_HET clouds, COLD_HET clouds are not shown in Figure 3 as only 8 points (0.003% of cloudy points) refer to it. Consistent with this fact, CIRRUS clouds comprise only 28 trajectory points (0.012%, spread across April, May and December), not distinguishable on the scale of Figure 3 (bottom right). Much more numerous is type CIRRUS 0 (20.6%), with CIRRUS 00 comprising a further 0.7% of cloudy points. CIRRUS 0 points correspond to air parcels that reached cirrus levels only after experiencing water saturation in mixedphase clouds. Figure 4b shows that the water saturation temperature for CIRRUS 0 peaks around À18°C, where dust IN start to become fully active in all freezing modes, as discussed above. It is therefore likely that some fraction of dust IN remain inactive during MPC formation for T > À18°C and thus available during subsequent CIRRUS 0 formation in immersion (or even deposition freezing) mode. Alternatively, some fraction of dust may become incorporated into mixed-phase clouds ice crystals or water droplets which later evaporate and re-release the dust in a preactivated form. Laboratory studies show mixed results for pre-activation effects on mineral dust Knopf and Koop, 2006] . Finally, as with other models of its kind, ECMWF meteorological analyses have difficulties with resolving small-scale convection and must therefore parameterize sub-gridscale convective mass transfer. Clearly, our trajectory analysis does not take into account that the CIRRUS 0 type is likely enhanced by dust transported convectively to the upper troposphere, as shown by Cziczo et al. [2004] for African dust near Florida.
Summary
[13] The availability of mineral dust not previously processed in clouds for interactions with cold clouds was investigated using ECMWF meteorological analyses and $60,000 trajectory calculations originating from the Taklimakan desert. The potential for uncoated mineral dust to reach cirrus clouds was found to be negligible, but a small number of trajectories reached cirrus-forming regions only after prior processing in mixed-phase clouds.
[14] Potentially the biggest impact of mineral dust was found to be on mixed-phase clouds, however, the details will depend on the efficiency of specific ice formation mechanisms and dust mineralogy [Zimmermann et al., 2008; Connolly et al., 2009] . This is also the case for a small but non-negligible number of trajectory points (but in fact the majority of whole trajectories) that are ice-saturated and water-subsaturated, wherein ''warm'' ice clouds may be able to form prior to mixed-phase cloud formation. Finally, the investigation of potential cloud impacts from other dust emitting regions is the subject of a forthcoming publication. Figure 4b using the T sat axis.
